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ABSTRACT 
The paper describes a sensor for single-stranded DNA (ssDNA) biomarker based on anharmonic 
acoustic signals arising during hybridization with complementary thiolated ssDNA 
functionalised on the gold electrode of an electrochemical quartz crystal resonator. The steps of 
sensor preparation and hybridization are carried out in an electrochemical microfluidic flowcell. 
While the electrochemical impedance spectroscopy does not allow a definitive interpretation, the 
changes in resonance frequency and third Fourier harmonic current of the resonator on actuation 
at the fundamental mode indicate formation of a flexibly bound layer. The functionalization and 
hybridization steps monitored by the anharmonic detection technique (ADT) are described with a 
simple model based on Duffing nonlinear equation.   
1. INTRODUCTION 
Detection of single-stranded DNA (ssDNA) is of wide interest in biomedical diagnostics and 
pharmaceutical manufacturing. Optical fluorescence is one of the most widely used methods in 
the detection of ssDNA. Although fluorescence-based methods have shown unprecedented 
sensitivity, the need for multiple reagents and steps has restricted these methods from use in the 
point-of-care or real-time setting [1, 2]. In this paper, we investigate the feasibility of an 
electrochemical quartz crystal microbalance (EQCM) for direct and rapid detection of ssDNA 
using the nonlinear acoustic response of the quartz resonator. A sensor is developed by 
functionalizing thiolated ssDNA to one of the gold electrodes of the EQCM. This ssDNA has a 
complementary sequence to the target ssDNA in solution, and therefore acts as a specific 
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biomolecular receptor for the latter. The binding event is recorded by electrochemical methods, 
particularly measuring changes of charge transfer resistance Rct or double layer capacitance Cdl, 
which are assessed in electrochemical impedance spectroscopy (EIS) [3, 4]. If the gold electrode 
is part of the EQCM, the change in resonance frequency indicates the hybridization event as a 
mass change in the simplest case [5, 6, 19-21].  
In practice, these two methods EIS and EQCM have crucial disadvantages when they are applied 
to detection of DNA hybridization. In EIS, it is not clear how the charge transfer resistance 
should change when thiol-bound ssDNA is complemented by a matching strand. The 
interpretation of EQCM resonance frequency shift is also challenging as the frequency shift can 
either be negative or positive in the case of rigid or flexible binding respectively, depending on 
the dominance of mass or elastic loading. We observed that Thiolthiol-bound ssDNA under the 
influence of electrode potential resembles resembled the second case, i.e. where elastic loading is 
dominant over mass loading. As a result, the positive resonance frequency shifts reflects not a 
variation in mass but rather change in the spring constant of the bonds between the sensor and 
the attached analyte. Therefore, although the EQCM offers a direct and rapid platform for 
measurement, there is a need for an improved method for quantification of flexible adsorbate, 
such as ssDNA. An anharmonic detection technique, or ADT, has been reported recently to 
overcome the abovementioned issues and measure flexible adsorbates, such as microparticles, 
with a strong quantitative correlation and transduction specificity [7-10]. A QCM is largely 
linear at modest amplitudes, i.e. when driven by a harmonic (or purely sinusoidal) actuation near 
its fundamental resonance frequency, it responds predominantly at the same frequency. The 
response at higher odd Fourier harmonics is significantly low. It may be noted that even Fourier 
harmonics are not transduced in a thickness-shear mode quartz resonator. However, the 
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interaction forces between the QCM oscillating in thickness shear mode and the surface-bound 
flexible adsorbate projected along the direction of the quartz oscillation (which is 
piezoelectrically transduced) are anharmonic (not harmonic) and distort the harmonic oscillation 
of the QCM. As a result, the binding of flexible adsorbates modifies the amplitude of higher odd 
Fourier harmonic due to piezoelectric transduction (even harmonics are not transduced in a 
thickness-shear mode quartz). In the anharmonic detection technique (ADT), Wwe consider the 
change in amplitude in the third Fourier harmonic, which is measured at three times the drive 
frequency, as fifth or higher odd harmonics are considerably low in amplitude. It may be 
clarified here that although the frequency of the third Fourier harmonic, which is (equal to three 
times the drive frequency, ) lies close to the third overtone resonance (as the drive frequency is 
close set to the fundamental resonance), the two are different conceptually. While the third 
overtone refers to a higher mode of resonance of an oscillator, a third Fourier harmonic signal 
(i.e. three times the drive frequency) may be produced in principle even in a nonlinear oscillator 
with a single resonance mode  by driving at the with a single (fundamental) mode of resonance, . 
It may be noted, however, although such that a single-mode a quartz resonator is practically 
impossible. This is where ADT differs from an impedance analyzer or a ring-down analyzer, 
which measures the change in frequency at a chosen resonance mode by driving at or around that 
the same mode, whereas ADT measures the change in amplitude of a higher Fourier harmonic 
(usually third, which is near the third overtone resonance) by driving near the fundamental 
resonance frequency.  
In this paper, we investigate by means of EIS and ADT, the steps of developing an ssDNA 
sensor (surface functionalisation) and the hybridization event (sensing). The functionalisation 
and hybridization steps are carried out in a microfluidic flowcell, and the measurements are 
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taken in liquid after each step. The experimental results show satisfactory agreement with the 
theory, governed by the basic equations of a nonlinear QCM response with flexibly-bound 
adsorbate. In particular, the third Fourier harmonic signal obtained from the experiment exactly 
fit to a cubic expression as predicted by the Duffing equation and as elaborated in the paper. The 
cubic shape holds true both for clean QCM and for QCM with bound analyte, with the only 
difference being in the value of the pre-exponent. 
1.1 Modelling the anharmonic influence of non-rigid load 
In an earlier paper [10], we treated the problem of anharmonic influence of non-rigid load in its 
general case by considering a damped driven oscillator. In this paper, we have neglected losses 
in the theoretical model, and therefore omitted the drive force and treated the problem as free 
oscillation. This simplified the analytical expression of the result without any considerable 
impact on the agreement with the experimental results as the change in dissipation due to 
biomolecular binding at any stage is negligible. The resistance (real part of acoustic impedance) 
measured at any step in our experiment (with or without DNA) remained the same, i.e. ~220 
Ohm, as obtained from Kanazawa equation. 
Let us consider the model of a particle bound to the quartz resonator surface with a bond length 
of l (Fig 1). As the frequency of oscillation of the resonator (14.3 MHz in our case) is 
significantly higher than the natural frequency of shear oscillation of the particle-bond system 
(ωs = (k/ms)1/2), the particle remains nearly at the same location. As a result, the bond stretches 
and changes angle, as shown in Fig 1.  
The oscillations in the system are described by two coupled differential equations (Eq.1 and Eq. 
2), with mutual motions of the particle and the quartz resonator both parallel to the quartz 
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surface. We model quartz as a nonlinear oscillator using the one-dimensional Duffing equation, 
neglecting damping and external drive force as mentioned above. 
?̈?𝑥 + 𝜔𝜔02𝑥𝑥 = −𝛽𝛽𝑥𝑥3 + 𝑁𝑁𝑁𝑁𝑀𝑀𝑞𝑞 𝐹𝐹𝑥𝑥                 (1) 
Here, x – displacement of quartz, N – number of particles attached per unit area, S active area of 
the quartz sensor, ω0, β – eigen frequency and non-linearity constant for the quartz. The last term 
in Eq. 1 is the pulling force from NS adsorbed particles, where N (1/cm2) is surface density of 
particle coverage and S (cm2) is the total active area of the sensor, and Mq is the nodal mass of 
the crystal, which is equal to half of the total mass [6]. Since the particle remains nearly 
stationary during the oscillation of the resonator, its motion is described by the following 
differential equation, where Fx is the projection of the total particle-bond force on quartz plane.  
𝑚𝑚𝑠𝑠?̈?𝑋 = −𝐹𝐹𝑥𝑥 = 𝑘𝑘 ��𝑥𝑥2 + 𝑙𝑙2 − 𝑙𝑙� 𝑥𝑥
√𝑥𝑥2 + 𝑙𝑙2  ≈ 𝑘𝑘𝑥𝑥32𝑙𝑙2 , as 𝑥𝑥 << 𝑙𝑙                      (2) 
Here, ms is the mass of attached particle, X is the displacement of adsorbed particle placed at the 
origin and k is force constant of attachment bond. As the particle remains stationary in the 
laboratory reference frame, the extension of the bond is given by (√𝑥𝑥2 + 𝑙𝑙2 − 𝑙𝑙), and 𝑥𝑥/
√𝑥𝑥2 + 𝑙𝑙2 is the factor that projects the elastic force 𝑘𝑘�√𝑥𝑥2 + 𝑙𝑙2 − 𝑙𝑙� (which is along the bond) 
onto the direction of oscillation. 
Since the displacement of the resonator is small compared to the bond length, i.e. x<<l, the 
anharmonicity in the spring constant of the bond can be neglected, and the bond can be treated as 
a linear spring as in Eq. 2. Other notations are: x – displacement of quartz, X – displacement of 
adsorbed particle placed at the origin, a – amplitude of oscillations in the quartz, N – number of 
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particles attached, S active area of the quartz, k – force constant of attachment bond, γ – cubic 
anharmonic force,  ms – mass of attached particle, ωs = (k/ms)1/2 frequency of attachment bond, 
ω0, β – eigen frequency and non-linearity constant for the quartz. 
Substituting Eq.2 into Eq.1 results in the following equation for quartz oscillations:  
?̈?𝑥 + 𝜔𝜔02𝑥𝑥 = −𝛽𝛽𝑥𝑥3 − 𝑁𝑁𝑁𝑁𝑀𝑀𝑞𝑞  𝑘𝑘2𝑙𝑙2   𝑥𝑥3            (3) 
The two terms on the right side of Eq.3 describe the motion of the harmonic oscillator in an 
anharmonic field of the fourth order. 
𝑈𝑈4 = 𝑀𝑀𝑞𝑞4 �𝛽𝛽 + 𝑁𝑁𝑁𝑁𝑀𝑀𝑞𝑞  𝑘𝑘2𝑙𝑙2� 𝑥𝑥4                (4) 
The first term in parentheses is due to anharmonicity of the quartz itself, and the second is due to 
the particle-resonator interaction. Therefore harmonic but relatively long bonds generate 
anharmonic potential for oscillation of the quartz parallel to the surface. 
Solution of Eq.3 is very well known (see for example references [11] or [12]). The fundamental 
resonance frequency shifts with higher oscillation amplitude due to drive-level dependence. For 
small oscillation amplitude a, the shift is proportional to square of the oscillation amplitude: 
 
𝜔𝜔 = 𝜔𝜔0 + 38𝜔𝜔0 �𝛽𝛽 + 𝑁𝑁𝑁𝑁𝑀𝑀𝑞𝑞  𝑘𝑘2𝑙𝑙2� 𝑎𝑎2    (5) 
The first Fourier harmonic of the oscillator displacement is given by 
𝑥𝑥(0) = 𝑎𝑎 cos𝜔𝜔𝜔𝜔     (6)        
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The third Fourier harmonic of the oscillator displacement is proportional to the third power of 
amplitude. 
𝑥𝑥(3) = 𝑎𝑎332𝜔𝜔02 �𝛽𝛽 + 𝑁𝑁𝑁𝑁𝑀𝑀𝑞𝑞  𝑘𝑘2𝑙𝑙2� cos 3𝜔𝜔𝜔𝜔     (7)        
Eq.5 and Eq.7 contain terms that depend on the concentration of adsorbed particles. This can be 
used for their quantitative detection. Positive (anti-Sauerbrey) frequency shift, described by Eq.5, 
was observed experimentally in the case of attachment of microbeads and bacteria [13-18]. 
Moreover, from Eq.5 and Eq.7, a simple relationship follows between the shifts in resonance 
frequency and the third Fourier harmonic amplitude due to binding of particles with respect to 
some reference state at a given actuation amplitude a. 
𝜔𝜔 − 𝜔𝜔0
𝜔𝜔0
= 38𝑎𝑎2𝛽𝛽𝜔𝜔02    𝑥𝑥(3) − 𝑥𝑥0(3)𝑥𝑥0(3)          (8) 
It is interesting to note that although Eq.8 contains only parameters of the quartz and drive 
amplitude, and no characteristics of the bound layer, it relates the shifts in fundamental 
resonance frequency ω0, and the third Fourier harmonic amplitude x(3) for each step of 
functionalization and binding. 
As clarified earlier in the ‘Introduction’, the model describes the change in the amplitude of the 
third Fourier harmonic due to nonlinear effects when the quartz oscillator is driven near its 
fundamental resonance, and has no direct causative relation to the existence of the third overtone 
resonance. 
2. EXPERIMENTAL 
2.1 ADT instrument design 
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The A dedicated electronic instrument, which may be described as a “Nonlinear Network 
Analyzer”, has been designed, buildt and used for our experiments [10]. The basic principle of 
the instrument schematic along with a diagram was published in one of our earlier works [8]. 
The instrument is capable of driving a large variety of piezoelectric oscillators at a range of 
amplitude (0 up to 40V) at Radio Frequencies (RF 100 kHz to 300MHz), and recording complex 
(real and imaginary) electrical signal (current and voltage) at three frequencies synchronously 
and sensitively (noise ~1µV/Hz½) using 12 heterodyne receivers. In our experiments, we 
recorded complex current and voltage signals at the drive frequency (first Fourier harmonic 1f) 
and three times the drive frequency (third Fourier harmonic 3f). The piezoelectric quartz 
oscillator acts as an actuator and a microphone at the same time. The driving and pickup 
electrodes are the same, i.e. only two electrodes used, as in a Quartz Crystal Microbalance 
(QCM). The microvolt-level third harmonic signals were separated from the powerful drive 
signal applied at the fundamental resonance by appropriate highly linear passive filtering 
network. For convenience, the experimental data will be reported in terms of normalized or 
scaled units, where 1 unit on the applied voltage scale corresponds to 30 V.   
  
 
2.2 Materials and methods 
Argon plasma cleaner (Harrick Plasma, US) with pressure sensor was used for cleaning of AT-
cut 14.3 MHz quartz crystals (Laptech, Canada) of working surface area 0.22 cm2. Palmsens 3 
Potentiostat (Alvatek) was used in the electrochemical setup.  
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Acetone, absolute ethanol, propan-2-ol, synthetic thiolated DNA (5’-3’) 
AACTATGCAACCTACTACCTCTTTTT[ThiC3], 6-mercaptohexanol (MCH), synthetic 
complementary DNA (5’-3’) AGAGGTAGTAGGTTGCATAGTT, potassium ferricyanide (III), 
potassium hexacyanoferrate (II), tris(2-carboxyethyl)phosphine hydrochloride solution (TCEP), 
sodium chloride, and magnesium chloride were all procured from (sSigma Aldrich),. 
ethylenediaminetetraacetic Ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA), 
tris-EDTA buffer (TE Buffer), and 10 mM phosphate buffer saline solution (PBS) (Fisher 
Scientific) were procured from Fisher Scientific, UK, and used for surface cleaning and 
functionalisation as described below. Ag/AgCl reference electrode was procured from Cambria 
Scientific. 
Buffer Solutions: Two buffer solutions were used: hybridisation buffer and immobilisation 
buffer. Immobilisation buffer was 1xTE buffer, 1 M NaCl, 50 mM MgCl2 and 10 mM EDTA. 
Hybridisation buffer was 1xTE, 1 M NaCl and 0.1 M MgCl2. After the immobilisation was 
complete, the same (hybridization) buffer was used in the baselining (in thiol and MCH) and in 
the detection of ssDNA (hybridization) steps. So we can consider that the buffer made no 
contribution to the shifts in resonance frequency and third harmonic signal due to hybridization. 
 
Crystal Cleaning: Crystals were incubated for 5 min in acetone with shaking followed by 5 min 
sonication in propan-2-ol. The crystal was then dried with nitrogen and cleaned in an argon 
plasma cleaner for 45 sec. The crystal was immersed in ethanol immediately after taking it out 
from the plasma cleaner. 
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Thiolated DNA Reduction: Thiolated DNA was reduced with 0.5M TCEP in a 1:1 (v/v) ratio for 
1-2 hours at room temperature. After reduction, the DNA was diluted to 1 uµM with 
immobilisation buffer.  
EQCM Assay: 1 uµM reduced thiolated DNA solution was placed on the crystal and a voltage of 
0.08 V applied for 30 min. The crystal was then washed three times in PBS and incubated in 1 
mM aqueous MCH for 60 min and washed three time is PBS. The analyte DNA was diluted to 1 
mµM in hybridization buffer the solution was then incubated on the crystal for 30 min and 
washed three time in PBS.     
Cyclic Voltammetry and Impedance Spectroscopy: All measurements were conducted using a 
Palmsens 3 Potentiostat, platinum counter electrode, silver chloride reference electrode and the 
gold crystal working electrode. Cyclic voltammetry and impedance spectroscopy scans were 
taken in 5 mM [Fe(CN)6]3-/4- in 10 mM PBS. Cyclic voltammetry was conducted from -0.1V to 
0.6V at a scan rate of 0.03 V/s. Impedance spectroscopy was at a DC voltage of 0.0V with open 
circuit potential and AC of 0.01 V from 50 MHz to 0.1 Hz. 
ADT Scan: For an ADT scan, cyclic voltammetry was set from -0.15 V to 0.6 V at a step of 
0.0025 V and scan rate of 0.005 V/s. When the potential reached -0.1 V, 0.1 V, 0.3 V and 0.5 V 
in the cyclic voltammetry, an ADT a frequency scan was taken with a scan time of 0.1 s and 
fixed voltage of 0.06 scaled units (SU). The purpose of these scans was to find the resonance 
frequency. Subsequently amplitude ramps from 0 to 0.1 SU (1 SU = 30 V) during 0.1s were 
applied at the same electrode potentials and fixed frequencies chosen near the fundamental 
resonance found from the previous frequency scans. The amplitude ramp is referred to as the 
ADT scan as the third Fourier harmonic signal (ADT signal) is evaluated from this scan. 
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The electrode mounting, simultaneous connection to ADT and potentiostat were as are shown in 
Figure 2a, which is similar to our set-up published earlier [10]. Figure 2b shows steps of 
functionalization of the top gold electrode of EQCM.  
 
3. RESULTS 
3.1 Electrochemical impedance spectroscopy 
Electrochemical impedance spectra after each step of electrode functionalization and 
hybridization stage are shown in Fig 3. The fitting was done to Randles circuit Rs+Cdl||(Rct+W), 
where Rs is solvent, Rct charge transfer resistance respectively, Cdl is capacitance of double layer, 
W is Warburg impedance. The resulting values of equivalent circuit parameters are shown in the 
Table 1. The charge transfer resistance increases dramatically more than 10 times upon 
functionalization with thiolated ssDNA, but then falls 4.5 times when the spacer 6-mercapto-
hexanol is added. This means that effectively MCH acts as a shunting resistance, directing most 
of the electron transfer through it. This causes uncertainty in the interpretation of hybridization 
stage, since resistance changes on ssDNA, whereas the main current passes through MCH. 
3.1 Anharmonic detection 
ADT signal (amplitude of third Fourier harmonic) during amplitude ramps were taken twice after 
each functionalization step at fixed potentials. Two frequency sweeps were also taken 
immediately after each set of amplitude scans to determine the fundamental resonance 
frequency. As an example, the ADT signals with ssDNA on the surface and after hybridization 
are shown in Fig 4. While the amplitude of voltage a at fundamental frequency was linearly 
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increased, the amplitude of induced third harmonic increased proportional to the third power of 
the applied voltage, according to Eq.7. Both curves in Fig 4 can be fitted with const ×a3 function, 
where const stands for the pre-exponent for a3. According to Eq.7, the const depends on the 
intrinsic anharmonic coefficient for quartz β  plus the term that depends on the number of 
flexibly-bound adsorbate NS and properties of the bond, but not on attached mass, which remains 
immobile while the underneath surface moves in the laboratory reference frame. Therefore, 
different pre-exponents for the curves in Fig 4 reveal changes in the second term, which reflects 
the binding event.  
Since all kinetic transients are cubic as a function of applied voltage, they differ only due to the 
pre-exponent. In other words, their final value depends on the pre-exponent, if the applied 
voltage ramp is the same. Figure 5a, which is the main experimental result of the work, shows 
the final values of induced 3rd harmonic for all stages of functionalization at 4 different electrode 
potentials. Figure 5b shows the shift of resonance frequency for the same conditions (stage of 
functionalization and potential) as Figure 5a. The reference point for frequency is that for the 
clean surface at each potential.   
4. DISCUSSION 
This work presents a study of thiolated ssDNA and MCH functionalization, and subsequent 
hybridization analysis using the nonlinear response of an EQCM. Traditional EIS does reflect 
changes at each step (Fig 3). However, since MCH has the lowest charge transfer Rct resistance, 
it serves as a shunting element in the equivalent circuit (Table1). Since Rct is in parallel with the 
charge transfer resistance for ssDNA and complementary ssDNA upon hybridization, it is 
difficult to make conclusions on ssDNA hybridization from the EIS data, although it may be 
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useful in drawing equivalent circuits. Because of this limitation, a new technique, called 
anharmonic detection technique, or ADT, is probed here. ADT is based on the modification in 
the amplitude of the third Fourier harmonic of the nonlinear QCM when driven near its 
fundamental resonance frequency. The preceding theoretical analysis shows that any material 
attaching flexibly (not rigidly) to the QCM results in an anti-Sauerbrey response, i.e. binding 
results in increase in the fundamental resonance frequency. In our experiment, binding of ssDNA 
to thiolated DNA receptor functionalised on 14.3 MHz QCM resulted in increase in resonance 
frequency of the QCM in the presence of electrode potential. However, similar binding resulted 
in decrease in resonance frequency in the absence of an electrode potential. Our hypothesis is 
that the presence of electrode potential together with the higher resonance frequency of the QCM 
used (14.3 MHz) contributed to the flexibility in the nature of attachment of the ssDNA to the 
QCM. The flexible attachment allowed the ssDNA to be almost ‘pinned by inertia’ in the 
laboratory reference frame, while the QCM oscillated underneath. This contributed to stretching 
of the ssDNA, and therefore, an elastic loading on the QCM. The positive (or anti-Sauerbrey) 
frequency shift caused by the dominant elastic loading could be related to the shift in the third 
Fourier harmonic amplitude using the Duffing equation. It may be noted that the elastic loading 
described above should not be confused with viscoelastic loading. Dissipation changes measured 
in our experiments was negligible. Hence, viscous damping from the ssDNA attachment could 
be considered insignificant, and potentially explained by the separation between the ssDNA and 
the QCM under the influence of a ‘pull’ due to the oscillation of the high-frequency (14.3 MHz) 
QCM in presence of the applied electric potential (Figure 1). 
The nonlinear response calculated from the model Duffing equation results in changes in the 
fundamental frequency and the amplitude of third Fourier harmonic x(3) depending on the 
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amplitude of excitation drive a as a2 (Eq. 5) and a3 (Eq. 7) respectively. In the model of 
inertially-pinned mass attached by a flexible string, the pre-exponent depends on the nonlinear 
coefficient of the quartz itself β and on the term Nk/l2 which accounts for the number of bound 
particles (per unit area) N, spring constant k, and length of the bond l. 
Now we are in a position to interpret the steps of surface functionalization and hybridization as 
measured by the ADT method. The cubic curves in Fig 4 of induced third harmonics x(3) agrees 
with the model Eq.7, while their changing amplitude accounts for different Nk/l2 term defined by 
structure of adsorbed layer. With each functionalization step, the x(3) and the resonance 
frequency of the fundamental mode are growing, which agrees with Eq.5 and Eq.7 because they 
have the same pre-exponent. On a clean surface, the adsorbate related term is absent. So the x(3), 
and f (=𝜔𝜔/2𝜋𝜋) are minimal. Upon addition of thiolated ssDNA, the aforementioned (Nk/l2)DNA 
term makes a positive contribution to the pre-exponent. This results in simultaneous growth of f 
and x(3) as shown in Fig 5a,b. Further functionalization with MCH  adds another (Nk/l2)MCH term 
related to this binding since it binds on free Au surface. Finally in the hybridization stage, the 
complementary ssDNA binds only to ssDNA already on the surface. This binding modifies the  
(Nk/l2)DNA term by increasing, possibly doubling, the spring constant k, since there is double 
DNA spiral in place of one. Therefore on each step there is positive addition to the pre-exponent, 
which manifests itself in grows of f and x(3) on each step. This analysis is summarized in the 
Table 2. 
In this simple approximation, the shift increase of f (=𝜔𝜔/2𝜋𝜋) and x(3) in Fig 5 should be the same 
from the clean surface to thiol-ssDNA and in the MCH to hybridization step. This approximately 
holds for x(3) in Fig 5b, but not that well for the resonance frequency shifts in Figure 5a. Still, 
16 
 
given the complexity of the system and simplifications made in analysis, the agreement seems to 
be satisfactory. 
However, the following issues need to be discussed: the influence of electrode potential, the 
influence of solvent and validity of approximations made in iterative solutions of the Duffing 
equation. Although the nonlinear responses are different at 4 probed potentials, there is no clear 
trend evident. The model does not include the electrode potential either. The reason is that the 
bond length is much longer than double layer thickness, so one can’t cannot expect dramatic 
influence of the electrode potential in this particular system. Also, only lateral projection of 
external force influences movements in quartz, according to Eq.1, whereas the electric field is 
perpendicular to the surface.  
The influence of solvent may be introduced by the loss term in Eq.1, as it was done in our earlier 
work [10]. However, here it was not necessary as the change in dissipation was negligible in the 
experiments as explained above. Also, in the model, the attached mass remains immobile in the 
laboratory frame of reference while the quartz oscillates. This motion induces motion of liquid 
within the decay length (2ν/ω)1/2 = 10-5cm  or 100 nm for 14 MHz oscillations in water, which is 
more than 10 times longer than ssDNA length (~8.99 nm). Therefore, rigorous treatment should 
include influence of flow around the attached mass as well.  At this point, one can argue that this 
will effectively lead to a heavier mass. However, in this work the mass is already considered to 
be infinitely heavy, so the mass does not appear in the equations. 
The iterative solution of the resulting Duffing Eq.3 is valid in the first approximation. The 
nonlinear terms on the right hand of Eq.3 can be neglected and subsequently treated as 
perturbations.  As shown in Eq.8, the resonance frequency shift due to binding of particles is 
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linearly related to the corresponding (measured at the same driving amplitude a) pre-exponential 
factor shift, both normalized to the respective parameters before binding of particles. According 
to Eq. 5 and Eq. 7, this dependence must be a straight line passing through the origin with the 
slope 3a2β/8ω02 for all stages of functionalization. Such a plot produced from the reported 
hybridisation experiment is shown in Fig 6. We do not see a straight line through origin, again 
due to oversimplification of the theoretical treatment. However, from the plot one can roughly 
estimate the value 3a2β/8ω02∼10-3, which is approximately the ratio between terms on the right 
and left hand side of Eq.3. It is important to note that this ratio depends on the driving amplitude 
as a2. Therefore at a given amplitude a=0.06 scaled units, for which the plot is made, the iterative 
solution is valid, and should remain valid until amplitude at least 10 times larger, or a = 0.6 units 
of scaled voltage. The maximum applied voltage in the current work was a = 0.1 scaled units 
(where 1 scaled unit = 30 V). 
Selectivity of Detection 
Experiments were conducted with a random sequence using the same thiolated DNA receptor on 
the QCR. The shifts in third harmonic signal for different electrode potentials obtained with this 
random sequence were negligible (0-4%) compared to that obtained from the complementary 
sequence (Figure 7a,c). However, the corresponding shifts in the resonance frequency, although 
smaller, were not insignificant (50-57%) compared to that obtained from the complementary 
sequence (Figure 7b.d). Although the degree of non-complementarity of the sequences was not 
investigated as part of this work, and it is possible that the random sequence had some degree of 
affinity towards the receptor sequence, the specificity using the third harmonic signal is 
comparatively much better. Improved specificity in transduction using third harmonic shift signal 
agrees with that observed in our previous work [7, 8, 22]. 
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CONCLUSION 
Anharmonic acoustic detection method (ADT) is applied to the monitoring of EQCM 
functionalization with thiolated ssDNA, MCH and hybridization with complementary ssDNA. 
The results can be interpreted using a simple nonlinear model for oscillation of quartz crystal 
resonator coupled with a flexibly attached mass. Both the fundamental resonance frequency and 
the amplitude of nonlinearly generated third Fourier harmonic increase with the formation of 
adsorbed layers. Hybridization event is detected due to increased strengthening of the bond, and 
not by mass change. 
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FIGURE CAPTIONS 
Figure 1. Schematic presentation of the model in the frame of moving quartz. Mass ms is 
attached to the quartz with the spring of length l and spring constant k. Mass is heavy, so in the 
laboratory frame it is resting, while quartz oscillating. In the frame of quartz the mass is moving 
parallel to the surface. Only projection of the force Fx on the quartz surface affects shear 
thickness mode of oscillations. This leads to additional quatric x4 potential for the quartz 
oscillations even if the spring itself is harmonic.   
Figure 2. a) Electrochemical flow cell and mount of the quartz crystal with connection to ADT 
and potentiostat. b) Schematic of gold EQCM functionalization. I) cleaned gold electrode, II) 
Addition of 1 µM thiolated ssDNA after reduction in TCEP for 30 mins with added 0.08V, III) 
Back functionalization with 1 mM MCH for  hour, IV) Incubation with complimentary DNA for 
30 mins 
Figure 3. Cyclic voltammetry (a) and Nyquist plot and Randles circuit (b) of for a cleaned 
electrode, after functionalization of 1 µM thiolated ssDNA,   1 mM MCH and hybridization of 
the 1 µM complementary sequence conducted in 1:1 (v/v) 5 mM FeII and 5 mM FeIII in PBS. 
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Figure 4. ADT third harmonic increase with driving voltage for a thiolated DNA surface and 
with attached complementary target sequence after hybridization 
Figure 5. (a) x(3)Fundamental resonance frequency shift and (b) fundamental resonance 
frequency shift x(3) taken respectively from e-QCM amplitude and frequency scans of the gold 
EQCM crystal surface after addition of 1 µM reduced thiolated ssDNA , 1 mM MCH and the 
complementary sequence. (ab) was normalized to the clean surface. Potentials are indicated. The 
error bars are presented as +/- half the range for duplicate measurements. The error bars are too 
small to be seen for most measurements. 
Figure 6. Relative frequency shift as a function of relative amplitude of 3rd harmonic measured 
at the same actuation amplitude a=0.06 for various functionalization stages at several indicated 
potentials 
Figure 7. Selectivity of detection using a random sequence. The third harmonic signal (a) and 
the resonance frequency shift with respect to bare (‘clean’) QCM (b) after the final stage of thiol 
functionalization (with MCH) and after hybridization with a random (non-complementary) 
sequence at various electrode potentials. The comparision of shifts in third harmonic signal (c) 
and of resonance frequency (d) due to hybridization with complementary and non-
complementary sequence at various electrode potentials are presented. The error bars are 
presented as +/- half the range for duplicate measurements. 
FIGURES 
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TABLES 
       parameters 
 
interface 
 
Rs, Ohm 
 
Rct, Ohm 
 
Cdl, µF 
 
W, Ohm 
Clean surface 
         35       681          20          137 
Thiol DNA     
           37 
 
      7024 
      
           12 
 
         131 
MCH          36      1664         5.3          128 
hybrid         36      2155         6.1          140 
 
Table 1 Randles equivalent circuit parameters for impedance spectra shown in Fig 3.  
Functionalization step Pre-exponent in parentheses Eq. 6,7  
Clean surface  β 
Thiol-ssDNA β + (S/2Mq)(Nk/l2) 2DNA 
MCH β + (S/2Mq)((Nk/l2)DNA+(Nk/l2)MCH) 
Hybridization β + (S/2Mq)( 2(Nk/l2)DNA+(Nk/l2)MCH) 
 
Table 2. Pre-exponent in the model equations 6 and 7 for different functionalization stages. Sub-
index DNA or MCH means that all parameters in parentheses (N, k, l) are relevant for 
corresponding adsorbate. 
 
